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I.  INTRODUCTION 


CdTe  is  often  used  as  a  substrate  for  the  epitaxial  growth  of  HgCdTe 
(MCT),  and  the  crystallinity  and  purity  of  the  CdTe  substrate  directly 
affects  the  quality  of  the  MCT  epilayers.  Crystalline  defects  in  the 
substrate  can  extend  into  the  epilayer,  so  selection  of  substrates  with  a 
minimum  of  dislocations  and  other  extended  defects  is  desirable. 

Impurities  present  in  the  substrate  can  also  diffuse  into  the  epilayers 
during  high-temperature  growth,  leading  to  unintentional  doping.  We  have 
used  a  variety  of  spectroscopi c  tools,  including  photoluminescence  (PL), 
cathodoluminescence  (CL),  and  electron  paramagnetic  resonance  (EPR)  to 
develop  screening  techniques  for  CdTe  substrates.  In  this  report  we  will 
show  how  these  techniques  can  be  used  to  determine  the  crystallinity  of 
CdTe  and  to  detect  and  identify  specific  impurities  at  very  low 
concentrations . 

Photoluminescence  has  been  used  for  many  years  to  study  CdTe,  and  a 
considerable  body  of  literature  has  been  produced.  1 “ ^  Even  very  small 
impurity  concentrations  (parts-per-billion  level)  produce  PL  features  that 
dominate  the  spectrum.  In  relatively  pure  crystalline  samples,  the  PL 
spectra  are  dominated  by  very  narrow  (1.0  meV)  bound  exciton  lines  near  the 
band-edge  energy.  At  lower  photon  energies,  relatively  broad  donor- 
acceptor  pair  (DAP)  bands  are  produced  by  the  recombination  of  carriers  on 
donor  and  acceptor  impurities.  In  many  cases  specific  impurities  have  been 
associated  with  certain  PL  lines,  making  it  possible  to  detect  impurities 
at  very  low  concentrations.^  In  samples  with  poor  crystallinity, 
distinctive  PL  bands  have  been  associated  with  extended  defects. ^  Because 
of  the  diverse  information  that  it  provides,  photoluminescence  has  become  a 
standard  technique  for  evaluating  material  produced  by  advanced  growth 
methods  such  as  MOCVD  arrd  MBE. 

Various  impurities  (e.g.,  transition  metals  and  donors),  point  defects 
(e.g.,  vacancies  and  interstitials),  and  defect  complexes  (e.g.,  vacancy- 
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donor  associates)  in  elemental  and  compound  semiconductors  can  be  detected 
and  often  identified  via  their  electron  paramagnetic  resonance  spectra. 
Although  defect  concentrations  as  low  as  10  J  cm  J  may  be  studied  in  bulk 
II-Vi  and  elemental  semiconductors,^1  these  centers  must  be  in  a  paramag¬ 
netic  state  and  must  satisfy  numerous  experimental  critieria  (i.e.,  line- 
widths  less  than  a  few  gauss,  intermediate  spin-lattice  relaxation  times, 
low  electrical  conductivity,  etc.).  However,  simultaneous  illumination 
with  light  during  the  EPR  measurements  (i.e.,  photo-EPR)  can  sometimes 
convert  diamagnetic  defects  into  paramagnetic  centers  that  are  amenable  to 
EPR  analysis  as  well  as  alter  the  characteristics  and  populations  of 
existing  paramagnetic  species.  Through  the  hyperfine  interactions  with  the 
nuclear  moments  of  impurities  and  host  lattice  atoms,  unequivocal  assign¬ 
ments  of  the  composition  and  microscopic  structure  of  these  defects  can  be 
made 
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II.  EXPERIMENTAL 


Samples  for  PL  spectroscopy  were  etched  in  Br/CH^OH  solution  prior  to 

mounting  in  a  liquid  helium  dewar.  Samples  were  cooled  to  2  K  for  high 

resolution  spectra  and  to  4.2  K  for  low  resolution  spectra.  The  optical 

P 

excitation  source  was  a  0.5  mW  HeNe  laser  focussed  to  about  1  W/cm  with  a 
cylindrical  lens.  To  obtain  low  resolution  (0.3  nm)  spectra,  the  PL  was 
dispersed  in  a  1/4  m  spectrometer  and  detected  with  a  1024-element 
intensified  diode  array.  High  resolution  (0.02-0.04  nm)  spectra  were 
obtained  by  dispersing  the  PL  in  a  3/4  m  double  spectrometer  and  detecting 
the  radiation  with  a  photomultiplier  tube  (PMT)  and  phase-sensitive 
detection  electronics. 

Cathodoluminescence  (CL)  experiments  were  performed  in  the  laboratory 
of  Prof.  Petroff  at  the  University  of  California  at  Santa  Barbara.  Samples 
were  cooled  to  8  K.  CL  was  excited  by  a  150  keV  electron  beam,  dispersed 
by  a  spectrometer,  and  detected  with  a  PMT.  This  equipment  could  be 
operated  by  fixing  the  detection  wavelength  and  rastering  the  electron  beam 
to  create  images,  or  by  fixing  the  electron  beam  position  on  a  feature  and 
scanning  the  detection  wavelength  to  create  a  CL  spectrum. 

The  EPR  experiments  used  a  Varian  E-line  spectrometer  at  the 
California  Institute  of  Technology.  One  wall  of  the  X-band  microwave 
cavity  was  slotted  to  permit  illumination  with  unfiltered  light  from  200  W 
Hg-Xe  or  Xe  lamps  while  the  samples  were  cooled  to  temperatures  between  5  K 
and  20  K.  While  no  significant  effects  could  be  attributed  to  the 
temperature  variations,  the  presence  or  absence  of  light  did  change  the  EPR 
signals  for  many  of  the  investigated  CdTe  samples. 
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III.  PHOTOLUMINESCENCE  FROM  EXTENDED  DEFECTS 


Photoluminescence  can  be  used  to  evaluate  the  crystallinity  of 
semiconductors  when  specific  PL  bands  can  be  identified  with  extended 
defects.  In  CdTe  a  PL  band  peaking  at  842  nm  has  been  associated  with  a 
crystalline  defect  in  epitaxial  layers.  *'  Epitaxial  CdTe  is  often  used  as 
a  buffer  layer  between  HgCdTe  and  a  substrate  with  a  different  lattice 
parameter,  so  it  is  important  to  minimize  the  misfit  dislocations  in  these 
layers.  The  distribution  of  intensity  among  the  LO  phonon  replicas  in  this 
band  shows  weak  phonon  coupling,  which  suggests  that  this  band  is  related 
to  an  extended  defect.1*  This  band  is  distinct  from  the  defect  band  origi- 

Q 

nating  at  850  nm  in  low-quality  bulk  CdTe  samples,  which  has  a  spectrum 
indicating  a  greater  phonon  coupling.  The  PL  intensity  of  the  842  nm  band 
varies  with  growth  conditions.  Figure  1  shows  three  low-resolution  PL 
spectra  obtained  from  MBE  CdTe  samples  grown  on  CdTe  at  three  different 
substrate  temperatures.  In  each  spectrum  the  dominant  emission  is  from 
donor-acceptor  pair  (DAP)  recombination  associated  with  shallow  donors  and 
acceptors.  The  defect  peak  at  842  nm  shows  substantial  variation  in 
amplitude,  with  the  largest  peak  seen  in  the  epilayers  grown  at  the  lowest 
substrate  temperature.  At  220°C  the  mobility  of  the  Cd  and  Te  atoms  on  the 
surface  of  the  crystal  is  not  great  enough  to  grow  a  well-ordered  crystal 
lattice  ’fading  to  formation  of  extended  defects.  This  trend  is  also 
reflected  in  the  width  of  the  X-ray  rocking  curve  (Af»  ),  which  correlates 
with  the  defect  emission  amplitude.  This  direct  correlation  with  a 
standard  diagnostic  of  material  crystallinity  confirms  that  the  842  nm  peak 
is  due  to  extended  defects. 

Although  the  842  nm  defect  peak  is  very  common  in  the  PL  spectra  of 
low-quality  MBE  and  MOCVD  CdTe  films,  we  believe  we  are  the  first  to  report 
this  peak  in  the  spectra  of  bulk  CdTe  crystals.  Figure  2  shows  a  CL 
spectrum  of  a  bulk  CdTe  sample,  which  indicates  a  prominent  peak  at  842 
nm.  Cl?  makes  it  possible  to  produce  spatial  maps  of  the  emission  at 
particular  wavelengths,  and  Fig.  3  shows  two  such  images  using  wavelengths 
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WAVELENGTH  (nm) 


_'L  Spectrum  of'  Bulk  CdTe  Sample  Show :  r.g  Characteristic  Defect.  Peak 
st  8‘fJ  nm.  Tne  excitation  was  localised  to  a  gra  in  boundary. 


A  =  7850A 
T  «  70K 
380  X 


A  -  8366A 
T  «  70K 
380  X 


l'L  images  of’  Band  Edge  Emission  (top)  and  Defect  Emission  (bottom) 
in  Bulk  CdTe.  The  defect  emission  is  localized  in  the  grain 
boundary  regions. 


near  the  band  edge  ( 785  nm)  and  near  the  detect  pc  an  i  i  i'i  Ir.os- 

images  show  that  the  band-edge  emission  comes  on.  crystal  i  ir.e  s,.bg:  a  .  • 
and  the  defect  emission  comes  from  the  subgrain  boundaries.  ".’t.e  spec":  .n. 
shown  in  Fig.  2  was  obtained  by  exciting  a  subgrair.  boundary .  i  I’hes*-  Pita 
show  that  the  842  nm  defect  emission  is  also  present  in  bulk  CdTe  s«mp o  s , 
but  only  from  the  low-quality  subgrain  boundary  regions,  lie  feet  s  from  t  re 
subgrair.  boundaries  are  believed  to  propagate  into  epi  layers  grown  or.  :r,—  s 
CdTe  samples,  and  much  effort  has  gone  into  growing  CdTe  wafers  witr, 
minimal  su eg rain  structure .  PL  and  CL  spectroscopy  can  be  important  tou.s 
in  detecting  the  presence  of  this  particular  defect. 
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IV.  DETECTION  AND  IDENTIFICATION  OF  IMPURITIES 


The  electrical  properties  of  semiconductors  can  be  dominated  by  trace 
amounts  of  impurities,  and  the  detection  and  identification  of  uninten¬ 
tional  dopants  is  vital  to  the  production  of  improved  semiconductor 
devices.  PL  and  and  EPR  spectra  often  provide  distinctive  "fingerprints" 
that  can  be  used  to  identify  specific  impurities.  In  this  section  we  will 
discuss  the  use  of  PL  and  EPR  to  identify  the  presence  of  iron  and  silver 
impurities  in  CdTe. 

Iron  forms  a  deep  donor  in  CdTe,  and  iron-implanted  CdTe  wafers 
display  a  very  distinctive  EPR  signal  and  a  PL  band  at  about  1.1  micron. ^ 
Iron  impurities  in  MCT  have  been  associated  with  a  reduction  in  the 
minority  carrier  lifetime,10  and  therefore  the  elimination  of  iron  in  CdTe 
substrates  for  MCT  growth  is  particularly  important.  Detecting  iron 
impurities  in  CdTe  by  mass  spectrometr ic  techniques  is  difficult  since  the 
atomic  mass  of  iron  is  half  that  of  cadmium. 

We  have  used  PL  and  EPR  to  survey  about  two  dozen  CdTe  samples  from  a 
variety  of  sources,  and  have  found  that  many  of  them  contain  iron  at  easily 
detectable  levels.11  Figure  IJ  shows  the  Fe+^  EPR  signal  for  a  nominally 
pure  sample  that  contains  substantial  quantities  of  iron.  The  complex  iron 
signal  is  highly  anisotropic,  but  it  is  easily  distinguished  from  common 
shallow  donors,  which  produce  a  single  peak  at  about  3900  G  (g  =  1.691!). 

The  PI  spectrum  of  this  sample  is  given  in  Fig.  5a,  and  it  shows  a  large 
peak  at  1.1  microns.  In  contrast,  the  FI  spectrum  of  a  sample  that  has  no 
Fe+3  EPR  signal  (Fig.  5b)  has  a  very  weak  peak  at  1.1  microns.  (The  weak 
1.1  micron  peak  seen  in  Fig.  5b  is  probably  due  to  deep  levels  associated 
with  other  impurities  or  defects.)  The  amplitudes  of  the  PL  and  EPR 
signals  due  to  iron  in  the  samples  we  examined  were  found  to  be  correlated, 
suggesting  that  both  techniques  give  a  potentially  quantitative  measure  of 
iron  contamination.  In  an  effort  to  relate  the  amplitudes  of  these  signals 
to  independent  quantitative  measurements  of  iron  contents,  two  samples  were 
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analyzed  by  secondary  ion  mass  spectrometry  (SIMS).  Although  one  sample 
showed  large  PL  and  EPR  iron  signals  and  the  other  showed  negligible  iron 
signals,  both  samples  had  SIMS  signals  corresponding  to  0. 1  ppm  iron 
concentration,  indicating  that  this  is  the  background  level  cje  to  Cd+^ 
interference.  We  are  currently  working  to  obtain  samples  with  measurable 
iron  concentrations  so  that  the  spectroscopic  techniques  can  be  calibrated. 
Clearly  both  the  PL  and  EPR  techniques  are  able  to  detect  iron  contamina¬ 
tion  of  CdTe  at  levels  <  0.1  ppm.  This  sensitivity  is  surpassed  only  by 
destructive  techniques  using  large  (>  1  g)  samples. 

The  surface  quality  of  substrates  is  crucial  for  high-quality  MBE  and 
MOCVD  growth,  and  noncontact  hydro-polishing  is  used  to  minimize  surface 
defects.  Hydro-polished  samples  have  PL  spectra  that  are  generally  similar 
to  deeply  etched  samples,  which  indicates  that  hydro-polishing  does  not 
create  a  layer  of  surface  defects.  Although  the  PL  spectra  of  the  hydro- 
polished  substrates  do  not  show  any  surface  damage,  they  give  evidence  of 
surface  contamination  by  silver. 

Surface  contamination  by  silver  was  seen  in  all  three  CdTe  samples 
chosen  for  this  study: 

Sample  No.  1:  Grown,  cut,  and  polished  by  the  1 1 -V I  Corp. 

Sample  No.  2:  Grown  at  II-VI,  cut,  and  polished  at  Rockwell. 

Sample  No.  3'-  Grown,  cut,  and  polished  at  Rockwell. 

Each  sample  was  cleaved  into  two  pieces,  and  one  piece  received  a  light 
clean-up  etch  (10  seconds  in  1/2J  Br/CH^OH,  removing  about  0.25  microns) 
and  the  other  was  heavily  etched  (2  minutes  in  2%  Br/CH^OH,  removing  about 
10  microns).  In  each  case,  the  PL  intensity  was  approximately  equal  for 
the  two  pieces,  indicating  that  the  surface  was  relatively  free  of  PL- 
quenching  defects.  However,  each  pair  of  samples  showed  a  difference  in 
the  high-resolution  spectra  of  the  narrow  peaks  due  to  recombination  of 
excitons  bound  to  neutral  acceptors.  Figure  6  shows  the  dramatic 
difference  in  the  spectra  produced  by  Sample  No.  2.  These  bound  exciton 
lines  have  been  assigned  to  specific  impurities, ^  and  the  peak  at  780.3  nm 
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Fig.  6.  High  Resolution  PL  Spectra  of  CdTe  Acceptor-Bound  Exciton 
(ABE)  Peaks.  Top  spectrum  is  from  lightly  etched  sample, 
bottom  is  heavily  etched  sample  from  same  wafer. 

has  been  attributed  to  silver  impurities.  In  each  pair  of  samples  two  of 
the  bound  exciton  lines  did  not  vary  with  sample  etch,  but  the  line  due  to 
Ag  impurities  was  reduced  by  a  factor  of  5-23  by  the  deep  etch.  This 
indicates  that  the  Ag  contamination  is  confined  to  the  first  few  microns, 
and  is  very  likely  due  to  the  polishing  process. 

The  amplitude  of  the  bound  exciton  emission  from  the  Ag  peak  in  Fig.  6 
is  equal  to  that  of  the  other  two  acceptor-bound  excitons.  This  is  due 
primarily  to  the  lower  energy  of  this  bound  exciton,  and  does  not  indicate 
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that  the  Ag  concentration  is  equal  to  that  of  the  other  two  acceptors. 

This  was  confirmed  by  PL  spectra  at  higher  sample  temperatures,  which 
showed  relatively  low  Ag -bound  exciton  emission.  Thus,  the  Ag  acceptor 
concentration  is  considerably  lower  that  of  the  other  acceptors.  However, 
Ag  forms  a  relatively  deep  acceptor  level, ^  which  could  lead  to  enhanced 
Shockley-Read-Hall  recombination  and  reduced  carrier  lifetime  if  the  Ag 
diffused  into  MCT  epilayers  grown  on  the  CdTe. 
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V.  STOICHIOMETRIC  DEVIATIONS 


Cadmium  telluride  crystals  grown  from  the  melt  are  typically  slightly 
deficient  in  Cd,  leading  to  the  formation  of  Te  precipitates  and  Cd  vacan¬ 
cies.  We  have  studied  changes  in  the  PL  and  EPR  spectra  due  to  variations 
in  crystal  stoichiometry  caused  by  annealing  CdTe  wafers  in  a  Cd  atmo¬ 
sphere.  Wafers  were  sealed  in  evacuated  quartz  tubes  with  elemental  Cd  and 
were  heated  for  2-3  days  at  500-600°C.  After  annealing,  about  20  microns 
were  etched  from  the  surface.  The  changes  produced  by  this  annealing 
procedure  are  complex  and  include  changes  in  the  electrically  active 
impurities  as  well  as  stoichiometric  variations.  The  PL  and  EPR  spectra 
change  significantly  after  Cd  annealing,  and  thus  give  valuable  insight 
into  the  Cd  annealing  process  by  determining  changes  in  the  donor  and 
acceptor  concentrations  and  by  identifying  specific  acceptor  species. 

The  principal  changes  expected  from  Cd  annealing  are  a  reduction  in 
the  concentration  of  Cd  vacancies  and  the  possible  formation  of  Cd 
interstitials.  Since  the  Cd  vacancy  is  a  double  acceptor  and  the  Cd 
interstitial  is  a  double  donor,  the  as-grown  p-type  CdTe  material  will  tend 
to  become  n-type  upon  annealing.  This  is  reflected  in  the  relative 
amplitudes  of  the  PL  lines  due  to  excitons  bound  on  neutral  donors  and 
acceptors.  Figure  7  shows  low-resolution  PL  spectra  of  a  sample  before  and 
after  Cd  annealing.  The  spectrum  of  the  p-type  as-grown  sample  shows  a 
negligible  DBE  peak,  but  after  annealing  the  DBE  peak  is  much  larger  than 
the  ABE  peak.  The  increase  in  the  donor  concentration  could  be  due  to 
formation  of  Cd  interstitials,  but  it  could  also  be  caused  by  the  release 
of  donor  impurities  dissolved  in  Te  precipitates,  which  are  reduced  by  the 
anneal . ^ 

Another  major  difference  in  the  spectra  in  Fig.  7  is  the  elimination 
of  the  peak  at  804  nm  after  Cd  annealing.  This  peak  is  due  to  donor- 
acceptor  pair  (DAP)  recombination  involving  shallow  donors  and  acceptors, 
and  the  change  indicates  that  the  concentration  of  shallow  acceptors  has 
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Fig.  7.  PL  Spectra  of  CdTe  Samples  Before  (Top)  and  After  (Bottom) 
Cd  Annealing 

been  reduced  by  Cd  annealing.  The  acceptors  involved  in  this  process  are 
throught  to  be  Group  I  elements  (such  as  Na  and  Li)  on  Cd  sites.  SIMS 

1 2 

studies  have  also  seen  a  reduction  in  these  species  after  Cd  annealing, 
and  it  is  likely  that  they  are  displaced  by  Cd  and  migrate  to  the  sample 
surface . 
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The  reduction  in  Group  I  acceptors  is  accompanied  by  an  activation  of 
Group  V  acceptors,  which  occupy  a  Te  site.  The  weak  PL  band  at  8 1 0  nm  is 
due  to  DAP  recombination  involving  P,  and  the  peak  at  805  nm  is  caused  by 
the  recombination  of  free  electrons  and  neutral  phosphorous  acceptors. ^ 
Activation  of  Group  V  acceptors  is  difficult,^  probably  because  of  their 
ability  to  occupy  the  Cd  site  in  Cd-deficient  material  and  compensation  by 
Cd  interstitials  in  Cd-rich  materials. 

The  change  in  acceptor  species  upon  Cd  annealing  can  be  understood  in 
terms  of  a  simple  mass  action  effect.  As  the  sample  changes  from  Cd- 
deficient  to  Te-deficient,  the  active  acceptors  change  from  those  that 
occupy  Cd  sites  (Group  I)  to  those  that  occupy  Te  sites  (Group  V).  Since 
the  Group  1  acceptors  are  relatively  conmon  impurities  such  as  Na  and  Li, 
the  net  effect  of  Cd  annealing  is  to  purify  the  CdTe  material.  The  Group  I 
elements  also  rapidly  diffuse  through  CdTe,  and  therefore  they  are  more 
likely  to  cause  contamination  of  HgCdTe  epilayers  grown  on  CdTe  substrates. 
For  these  reasons  Cd  annealing  can  be  a  beneficial  treatment  for  CdTe 
substrates.  In  Fig.  7  the  improvement  in  the  purity  of  the  sample  is 
reflected  in  the  relatively  large  free  exciton  emission  (at  777  and  787  nm) 
for  the  Cd-annealed  samples. 

The  Cd  annealing  treatments  also  produced  changes  in  the  EPR  spectra 
for  many  of  the  CdTe  crystals.  In  those  samples  (e.g.,  No.  2438  or  4-11) 
where  Fe+^  signals  were  present^  when  unannealed,  these  distinctive  EPR 
peaks  disappeared  after  the  600°C  anneals  under  the  Cd-vapor  overpressure. 
This  behavior  can  be  attributed  to  the  Fermi  level  moving  above  the 
Fe+^/Fe*2  transition  state  in  the  band  gap  as  the  Cd  vacancies  are 
eliminated.  Although  Fe+^  could  conceivably  give  an  EPR  spectrum,^  there 
was  no  indication  for  a  paramagnetic  Fe+^  center  in  any  of  these  studies. 
However,  the  anneals  sometimes  gave  a  new  isotropic  EPR  peak  with  g  =  1.69 
(see  Table  1).  According  to  Saminadayar,  et  al.,^  this  peak  corresponds 
to  shallow  donors  from  impurities  such  as  Cl  [g  =  1.684(1)],  ln[g  = 
1.704(1)],  or  A1  [g  =  1.65(1)].  Figure  8  presents  our  EPR  results  from  a 
high-resistivity  CdTe  crystal  (No.  4011)  doped  with  In  at  a  nominal 
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Table  1.  EPR  Parameters  for  Shallow  Donor  Impurities  in  CdTe  Crystals 


Cd-Vapor 

Xe 

Sample 

Annealed 

Lamp 

AHpp 

Number 

€  bOQ°C 

Illuminated 

G-Factor 

(gauss) 

Comments 

4011 

No 

Yes 

1.693(1) 

16(3) 

In  doped  @2  x  io1^ 
cm-^  (no  signal  in 

dark) 

2-42 

No 

No 

1 .6925(20) 

11(2) 

1.693K30) 

6(2) 

2-42 

Yes 

No 

1.6913 

6.1 

Yes 

1.6912 

3.8 

2-48 

No 

Yes 

1.6993 

10 

No  signal  in  dark 

2-51 

No 

Yes 

1 .70 

- 

Very  weak  peak 

4-7 

No 

No 

1.6934 

?0 

£>*3  peaks  seen 

Yes 

1.6925 

20 

4-10 

No 

No 

ND* 

- 

Fe+3  peaks  seen 

4-10 

Yes 

No 

1.693 

22 

Could  not  tune 
with  lamp  on 

4-11 

No 

No/Yes 

# 

ND 

- 

Fe+3  peaks  seen 

4-11 

Yes 

No 

1.691 

- 

Two  overlapping 
peaks  (nothing 
when  unannealed 

Yes 

1.693 

4.0 

Single  peak 

QZR-217 

Yes 

No 

1 .687 

10 

Very  weak 

Yes 

1.687 

10 

(nothing  when 
unannealed ) 

* 

No  signal  detected. 
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17  3 

concentration  of  2  x  10  '  cm  No  signal  is  observed  when  the  crystal  is 
in  the  dark,  but  a  peak  at  g  =  1.693  is  present  during  irradiation  with  a 
focused,  unfiltered  lamp.  The  electrons  created  by  illumination  presumably 
neutralize  the  originally  compensated  In  donors  in  these  unanneaicd 
crystals.  When  the  light  from  the  lamp  is  blocked,  the  donor  EPR  rapidly 
vanishes  but  reappears  when  the  sample  is  illuminated  again.  Although  some 
nominally  undoped  CdTe  crystals  also  gave  the  donor  EPR  peak  without 
annealing  (apparently  from  accidential  impurities),  the  Cd-anneals  either 
enhanced  its  intensity  or  generated  it  in  most  cases.  The  properties  of 
the  EPR  signals  associated  with  shallow  donors  in  several  CdTe  samples  are 
summarized  in  Table  1.  In  nearly  every  case  the  g-faclors  are  indistin¬ 
guishable  (within  experimental  accuracy)  from  the  value  obtained  from  the 
In-doped  crystal.  However,  it  is  not  necessarily  the  primary  donor 
impurity  even  though  Saminadayar,  et  al.1^  did  report  different  g-factors 
for  various  dopants.  Unfortunately,  simply  too  many  uncontrolled  factors 
can  influence  the  EPR  parameters  to  permit  a  reliable  assignment.  For 
example,  the  peak-to-peak  linewidths  (AHpp)  vary  among  the  samples  and  also 
change  with  illumination  as  shown  in  Fig.  9.  At  least  one  annealed  sample 
(No.  4-11,  Fig.  9b)  gave  two  partially  resolved  peaks  in  the  dark  but  a 
single,  sharp  peak  when  illuminated.  The  asynmetric  line-shapes  for  some 
other  annealed  samples  may  be  due  to  less  well  resolved  peaks  from  differ¬ 
ent  donors.  The  narrowing  of  the  donor  peaks  during  illumination  (Fig.  9a) 
is  consistent  with  enhanced  spin-exchange  interactions1^  from  increased 
concentration  of  neutral  donors.  Additional  studies  are  under  way  to 
determine  whether  the  small  differences  in  g-factors  can  be  due  to 
different  donor  impurities  and  correlated  with  the  donor-like  peaks  in  the 
PL  spectra. 
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Fig.  8.  EPR  Spectra  from  an  In-Doped  CdTe  Crystal  (No.  4011) 
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Fig.  9.  EPR  Spectra  of  Donor  Centers  in  CeTe  Crystals  That 
Were  Annealed  at  600°C  in  Cd  Vapor,  Showing  the 
Changes  Produced  by  Illumination 
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6.  SUMMARY 


In  this  report  we  have  surveyed  various  spectroscopic  techniques  for 
the  evaluation  of  CdTe  for  use  as  substrates  for  the  growth  of  HgCdTe. 
Although  PL,  CL,  and  EPR  do  not  usually  give  the  quantitative  information 
obtained  from  mass  spectrometr ic  analysis  (such  as  SIMS),  for  relatively 
pure  material  they  can  be  more  sensitive,  especially  in  cases  where  there 
is  interference  from  the  dominant  atomic  species.  In  epitaxial  material, 
which  often  has  a  high  defect  density,  these  techniques  also  provide 
information  about  the  crystallographic  quality  of  the  material,  which  is 
vital  for  the  use  of  CdTe  as  an  epitaxial  substrate.  This  diversity  of 
information  makes  PL,  CL,  and  EPR  very  useful  diagnostic  techniques  for 
CdTe  substrates. 
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i.ABC'KATnRY  « iPK KA 1  I  MSS 


The  Aerospace  Corporation  junctions  as  an  “archi  tect  -en^  inner "  tor 
national  security  projects,  specializing  in  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Ope rat  ions  conduces 
experimental  and  theoretical  investigations  that  locus  on  the  application  of 
scientific  and  technical,  advances  to  such  systems.  Vital  to  the  success  or 
these  i nvestigations  is  the  technical  staff’s  wide-ranging  expertise  and  its 
ability  Co  stay  current  with  new  developments.  This  expertise  is  enhanced  hv 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophvsics  Laboratory :  Launch  vehicle  and  reentry  I  laid  oechani  s,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics ,  gas  kinetics  an:  radiation;  w  mi 
pulsed  chemical  and  exoimer  laser  development  including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  proposition,  iisct 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory :  Atmospheric  chemical  react i -'us , 
atmospheric  optics,  light  scattering,  state  -sped f ic  chemical  react  l  ms  ar.d 
radiative  signatures  ol  missile  plumes,  sensor  out -of  *t  ield  *ol  -view  rn  t  i  on  , 
applied  laser  spectroscopy,  laser  ihemistrv,  laser  optoel ect r  micx ,  suiar  cell 
physics,  battery  electrochemistry,  spare  vacuum  and  radiation  effects  us 
materials,  lubrication  and  s airfare  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  t  requeue v  standaris,  and 
envi ronmental  chemistry. 

Computer  Science  Laboratory:  Program  ver  i  r  icat  ion ,  progra-’  rr-insl  <t  : 
per  formance -sens  i  t  ive  system  design,  distributed  archi  ..ertures  r  t  spa-.  >rne 
computers,  t  aul  t -tolerant  computer  systems,  artificial  intelligence,  r.i  r 
electronics  app I i cat  ions  ,  common icat ion  protocols,  and  computer  securitv. 

Klectronics  Researcc.  Labor  itory:  Mi  croe  1  <vr  r.ei  i  r  s  ,  solid  -star--  devi.-e 
physics,  compound  semiconductors  ,  radiation  hardening, ;  e  l  ect  ro  -opt  i  cs  ,  quant  am 
electronics,  solid-state  lasers,  optical  propagation  and  comnun  i  »t  i  »ns ; 
microwave  semiconductor  devices,  microwave/millimeter  wave  measurements , 
diagnostics  and  radiometry,  microwave/ mi  I  l imeter  wave  thermionic  devices, 
atomic  time  and  frequency  standards;  antennas,  rt  systems,  e 1 ec t r omagne t i  • 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  petals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  '»  rtrboo;  on 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  ot  materials  it 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemv -i  mine**  I 
env  i  moment  s . 

Space  Sciences  Laboratory:  Magnetospher ic ,  auroral  and  cosmic  rav 
physics,  wave -par  t  i  c  le  interact  ions  ,  magnet  os  pher  i  c  plasma  waves  ;  atmospher  i 
and  ionospheric  physios,  density  and  composition  of  the  tipper  atm.tspher •  • , 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrireJ  t run- '-v , 
infrared  signature  analyses;  effects  of  solar  activity,  magnet i  •-  st  .'Pn  i  : 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnc-T  -spin-re; 
effects  t>f  el  err  rotnagne  t  i  c  and  iv>rt  irulate  r  i,l  vat  ion-,  nr.  >|MO‘  sv^'r-"s.  ic> 
i fist  r urnent.it  ion. 


